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Benzoyl peroxide (BP), used to bleach annatto in cheese whey, was encapsulated
within the hydrophobic dispersed phase (phi) of nanoemulsions (NEs) to minimize its
degradation and extend its efficacy to minimized usage levels. Three purified, saturated
short-chain fatty acids of varying chain lengths: butyric (C4), hexanoic (C6) and octanoic
(C8) acid, were chosen as the phi to completely dissolve various concentrations of BP.
Stabilization was achieved with different concentrations and combinations of primary
emulsifier (E), bovine serum albumin, and coemulsifier (CE), Tween 20. Different ultrahigh pressures (UHP) were used to generate a stable NE. The best result was made by
keeping these parameters: UHP 210 MPa/phi fraction 4x10-3/ BP 0.04% (w/v) constant, E
(without CE) concentration of 0.04% (w/v) for both C4 and C6 or 0.6% (w/v) for C8.
Annatto color reduction by 90% was achieved with C4-system using only half the typical
concentration of BP used by the industry.
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CHAPTER I
INTRODUCTION
Oil-in-water (O/W) nanoemulsions (NEs) are kinetically stable isotropic liquid
mixtures of a dispersed hydrophobic phase (φ) disseminated within a hydrophilic phase
stabilized by one or more amphipathic emulsifiers (E) (Haque & Kinsella, 1988).
Generally, the average nanoglobule size of such O/W dispersions remains less than
500nm. Ultra-high pressure homogenization (UHPH) is a method that allows the high
energy input of intense disruptive forces to produce nanoglobular emulsions with desired
nanoglobular size range (Haque & Zhang, 2015). Once the nanoemulsion (NE) is
generated, stabilization of the interface depends on the amphipathicity and surface
activity of the emulsifiers (Patino, Niño, & Sánchez, 2003). Bovine serum albumin
(BSA) is a highly surface active protein (Haque & Kinsella, 1988). It has several
hydrophobic patches on its surface that are ubiquitous carriers of hydrophobic ligands in
the aqueous biological systems (Spector, John, & Fletcher, 1969). The stability of NE
may also be affected by the relative hydrophobicity of the dispersed phase and surfactants
(Chukwuma O Agubata et al., 2014).
Edam whey, is a by-product of the Edam cheese industry and has a number of
applications in the food industry. It contains a residual amount of annatto, the colorant
used during cheese manufacture (Zhu & Damodaran, 2012). However, the yellow color is
undesirable for whey protein products, which makes whey bleaching a necessary step in
1

the industry to render it more suitable for industrial applications (Zhu & Damodaran,
2012). Benzoyl peroxide (BP), a widely used free radical-generating compound that is
extensively used in topical applications for treatment of acne (acne vulgaris), is
increasingly being used for whey bleaching (S. M. Jervis & Drake, 2013; Listiyani et al.,
2012). It has been used extensively since 1917 to bleach flour though this use is banned
in China and the European Union (Kraus et al., 1995). Though there is currently no
restriction on the amount of BP that can be used to bleach flour, the FDA revised its
earlier rating of benzoyl peroxide from category I, meaning that it was safe to use, to
category III, which is “Safety is unknown”, in June of 2011(FDA, 2010). This was after
reports of severe allergy symptoms. However, no deaths have been reported 44% of the
cases required hospitalization (FDA, 2015). Therefore, there is a growing awareness of
the potential harmful health effects of the use of such a power radical generator in
bleaching foods. Thus, it is necessary to minimize BP usage in Edam or cheddar whey to
remove annatto color. The current method of bleaching involves direct addition of 20 mg
BP/kg whey and holding for an hour at 60-63 °C (FAO, 2004). The BP almost total
degrades to benzoic acid (> 91%) during cheese making and it still would be reduced by
whey processing. In order to reduce the usage level and obtain a similar outcome, this
rate of degradation has to be decreased. This can be done by physical encapsulation
within a non-oxidizable hydrophobic globule. The BP molecule consists of two
hydrophobic aromatic rings (Haque & Zhang, 2015). It is able to concentrate in the φ of
an emulsion and concentrate at the interface. Also, bleaching involves electron transfer
and it requires proximity in the nano-range for atomic interactions to take place in all
oxidation or reduction processes. And the interface for such interactions has to increase
2

dramatically. Considerably increasing the interface resulting from nano-emulsification
will lead to a similar increase in the potential interaction with 40 carbon atoms of the
carotenoids bixin and norbixin that give the color of annatto (Scotter, 2009). Since
carotenoids are hydrophobic, these molecules will also concentrate at the nano-globular
interface.
The current study investigated the formation and stability of NE produced by
UHPH where the stabilizer system consisted of BSA, a ligand carrier protein with
numerous hydrophobic patches being the E, and a CE, Tween 20. The φ consisting of
purified and saturated fatty acids of different chain lengths: butyric (C4), hexanoic (C6)
and octanoic acids (C8).
1.1

Hypothesis:
1. Nanoemulsion stability should be affected by dvs and volume fractions
positively.
2. Standardization of the parameters for nano-emulsifications and
stabilization should effectively encapsulate the BP and slow down the
degradation and extend oxidative effectiveness.

1.2

Objective:
A. In order to enhance the stability of NE, the dvs of nano-globular should be
decreased, containing BP, by using changing concentrations and relative
proportions of E and CE, and different UHPH.
B. Optimize fresh Edam whey bleaching based on φ chain-length and BP load in
with φ nano-globules with dvs less than 300 nm.
3

CHAPTER II
LITERATURE REVIEW
2.1
2.1.1

Nanoemulsion
Definition
Generally, emulsions are unmixable liquid mixtures of oil, water, emulsifier and

co-emulsifier. Emulsifier and co-emulsifier are also termed as surfactant and cosurfactant. Nanoemulsions are clear and kinetically stable but thermodynamically
unstable isotropic liquid mixtures generated by using several ways, like high pressure
homogenization, micro-fluidization and low energy emulsification, that consist smaller
droplets (Mishra, Soni, & Mishra, 2014; Wooster, Golding, & Sanguansri, 2008). There
are four types of nanoemulsions, namely oil-in-water (O/W), water-in-oil (W/O), waterin-oil-in-water (W/O/W) and oil-in-water-in-oil (O/W/O). The W/O/W and O/W/O
nanoemulsions are also categorized as bi-continuous nanoemulsions or multiple
emulsions (Mishra et al., 2014). Generally, the average droplet size of nanoemulsion
ranges between 1 nm to 100 nm. But nanoemulsion also can be defined as an emulsion in
which the droplet diameter is less than 500 nm (Kwon, Kong, Cho, & Park, 2015;
Lovelyn & Attama, 2011; Tabibiazar et al., 2015). The O/W nanoemulsions are dispersed
in a watery continuous phase and the oil droplet being surrounded by a protective coating
of emulsifier molecules. Similarly, W/O nanoemulsions are dispersed in a continuous oil
phase. The droplets of oil and water of bi-continuous nanoemulsions are inter-dispersed
4

within the system. Emulsions are cloudier and have larger particle sizes compared to
nanoemulsions. In addition, nanoemulsions require comparatively lesser amount of
energy for preparation and have larger surface area to volume indicating higher droplets
volume fractions compared to conventional emulsions (Mishra et al., 2014; Qian &
McClements, 2011; Thakur, Garg, Sharma, & Kumar, 2012). For these reasons,
nanoemulsions can exhibit a higher kinetic stability and for longer periods that inhibits
the coalescence or floccose of the droplets. However, nanoemulsion system still has some
disadvantages, e.g. limited solubilizing capacity for substances with high-melting points.
Moreover, stability can be influenced by temperature and pH (Mishra et al., 2014).
2.1.2

Stability
Nanoemulsion, which is part of a broad class of the multiphase colloidal

dispersions, is generally characterized by its stability and clarity. Turbidity test typically
determined the emulsifying activity and emulsion stability indexes of hydrolysates.
Turbidity can be evaluated by using spectrophotometer and microplate reader (Pearce &
Kinsella, 1978). Nanoemulsion is formed readily and sometimes spontaneously, generally
without high-energy input (Kwon et al., 2015; Mason, Wilking, Meleson, Chang, &
Graves, 2006). It has a considerably better stability compared to normal emulsions
because the small particle size causes a large reduction in the effect of gravitational force
and Brownian motion. However, due to flocculation, coalescence and especially because
of Ostwald ripening, nanoemulsions may become turbid or even opaque as a result of
droplet growth during storage (Qian & McClements, 2011). For this reason, it could
finally cause phase separation of nanoemulsions. However, the Ostwald ripening can be
reduced by using oils with low water solubility in the aqueous phase, as well as reducing
5

the droplet size distribution (Persson, Blute, Mira, & Gustafsson, 2014). Therefore, it is
important to stabilize nanoemulsions and extend the storage time as long as possible after
they have been formed (Kwon et al., 2015).
2.1.3

Methods of nanoemulsion preparation
The methods of nanoemulsion preparation can affect the stability of

nanoemulsion, and they can be classified as either high-energy or low-energy methods.
The emulsion inversion point (EIP) and the phase inversion temperature (PIT) are the
most common low-energy methods to make nanoemulsions used by the industry, based
on phase transitions, which result from changes in the spontaneous curvature of the
surfactant (Sadtler, Marie-Bégué, & Galindo-Alvarez, 2012). Polymer nanoparticles are
mainly prepared by high-energy methods, especially high- pressure homogenizers (Asua,
2002). High-energy equipment has capable of generating intense disruptive forces that
breakup the oil and water phases and lead to the formation of tiny oil droplets, such as
high pressure homogenizers (HPH), ultra-high pressure homogenizers (UHPH), ultrasonicator, micro-fluidizer and blender (Mishra et al., 2014; Qian & McClements, 2011).
HPH is the most commonly used device to produce extremely small droplets as well as to
provide protection against coalescence at a high pressure and to improve shelf life of the
products for several years by reducing creaming rate (Floury, Desrumaux, & Lardieres,
2000; Mishra et al., 2014). The pressure of HPH normally is up to 150MPa (Lee &
Norton, 2013). However for UHPH, which is a comparatively new technology, pressure
up to 350MPa can be applied that can generate nanoemulsions with further reduction in
particle sizes. It is noteworthy that an increase in UHPH results in a concomitant increase
in the temperature of the nanofluid (Mishra et al., 2014). Ultra-sonication is a technique
6

that has been widely utilized to obtain small particles efficiently, unfortunately there
exists no standardized methods to elucidate the sonication period, power amplitude or
durations of pulse mode for developing an emulsion with a specific particle size
distribution (Mahbubul, Saidur, Amalina, Elcioglu, & Okutucu-Ozyurt, 2015). Microfluidizer utilizes a high-pressure positive displacement pump (3 to 138 MPa) and then
forces the product through a small chamber to obtain particles of sub- micron range
(Mishra et al., 2014). For blending, the blender speed is an important factor that
influences the particle sizes, with higher speed producing smaller nanoparticle sizes
(Pearce & Kinsella, 1978).
2.1.4

Types of surfactants, co-surfactants and oils
Besides the variety of preparation approaches, types of surfactants and oils are

important factors that considerably influence the formulation and stability of
nanoemulsions. Emulsifiers prevent coalescence of newly formed droplets. They may be
ionic or non-ionic and include phospholipids, polysaccharides, proteins etc. (Adjonu,
Doran, Torley, & Agboola, 2014; Tadros, Izquierdo, Esquena, & Solans, 2004). Food
proteins are utilized as safe stabilizers for O/W nanoemulsion. The numbers and
polarities of functional groups in a surface-active molecule determine whether the
molecule will be water or oil soluble (or dispersible). Hydrophile-lipophile balance
(HLB) value describes a given emulsifier (Hasenhuettl & Hartel, 2008). High HLB
values are associated with easy water dispensability (Hasenhuettl & Hartel, 2008).
Bovine serum albumin (BSA) is a generally recognized as safe (GRAS) and molecular
weight is 66.5 kDa (Loureiro et al., 2015). BSA is a flexible and water soluble globular
protein, which is attributed to greater interactions between loops and extensive periodic
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structure (Haque & Kinsella, 1988). It has numerous hydrophobic patches used in nature
to bind to and carry hydrophobic ligands, and can potentially be used as an emulsifier to
stabilize nano-globular dispersions. Co-surfactants, like Tween 80, Tween 20 and span
80, are helpful to stabilize the interface of nanoemulsions by combination of surfactants
(Agubata et al., 2014). The carrier oils, including peanut oil, olive oil, triglyceride and
fatty acids, also play a significant role in the formulation of food-grade nanoemulsions, as
the stability of nanoemulsions can also be affected by relative hydrophobicity of the oil
phase (Wooster et al., 2008). Butyric acid (C4H8O2) (smallest hydrophobicity), hexanoic
acid (C6H12O2) and octanoic acid (C8H16O2) (highest hydrophobicity) contain different
chain lengths that belong to short chain fatty acids. Philippe R. Pouillart (1998) reported
that butyric acid from acetyl-CoA-dependent catabolic oxidation which exists in olive oil,
milk and butter is healthy for human body. It is taken up by the colonic epithelium and
actively metabolized to produce energy (Pouillart, 1998).
2.1.5

Applications
Nanoemulsions and nanotechnology have great potentials in various fields,

especially in the industries that are able to use such emulsions as delivery systems for
non-polar functional components including flavors, food and beverage products and
antioxidants (Mason et al., 2006; Qian & McClements, 2011). O/W emulsions are very
common in wide range of food products, such as mayonnaise, salad dressing, and soft
cheese. The taste, smell, texture and spread behavior of these food grade emulsions are
influenced by the droplet size distribution
(https://www.bruker.com/fileadmin/userupload/8-PDF-Docs/MagneticResonance/TDNMR/DropletSizeDistributioninFoodEmulsions_AppNote_T151105.pdf). In addition,
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O/W emulsions can be efficient vehicles for the delivery of hydrophobic bioactive
compounds when applied to compounds for cosmetic use and drugs (Wulff-Pérez,
Torcello-Gómez, Gálvez-Ruíz, & Martín-Rodríguez, 2009). It has been reported that
lipid-based oral delivery systems can enhance the absorption of lipophilic drugs (Sek,
Porter, Kaukonen, & Charman, 2002).
2.2
2.2.1

Whey
Definition
Whey is the by-product during the manufacture of cheese industry (Magenis et al.,

2006), and it can retain about 55% of the nutrients present in milk when transforming
about 90% of the milk as volume basis for the ripening process (F. V. Kosikowski, 1979).
Whey is an opaque liquid possessing a greenish-yellow color, with total solid content
generally ranging between 6.0% and 6.5% (w/v) (Pintado, Macedo, & Malcata, 2001).
Traditionally, large amounts of whey have been utilized as animal feed and even has been
considered as a waste product. Whey is a potent contaminated waste or effluent with a
BOD (biological oxygen demand) of more than 40,000 mg of O2 L-1 and a COD
(chemical oxygen demand) >60,000 ppm (Božanić, Barukčić, & Lisak, 2014; Jelen,
2003). However, on the other hand, whey has also been considered to be a high value
ingredient with potential application in human food products, such as baby food and
sports food. Sweet and sour (acid) whey are categorized as two major types of whey,
which are produced from enzyme coagulation of rennet and acid-coagulated cheese and
casein, respectively. Although both of them are milk serum, sour whey contains more
calcium lactate and less lactose than sweet whey (Spreer, 1998). Sweet whey, like
Cheddar and Edam, has a pH value between 5.8-6.6 and a potential titratable acidity of
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0.1%-0.2%. Acid whey, also termed as sour whey, has a pH about 4.6-5.0 and a titratable
acidity value between 0.4% and 0.6% (F. V. Kosikowski, 1979).
2.2.2

Whey composition and products
The composition of whey and its functional properties may differ depending on

the processing conditions, activities of coagulants, source of milk, and whey sources.
Whey is a fraction of milk that consists mainly of water, some fat, whey protein and a
variety of vitamins and minerals. It has been reported that about 100% of lactose,
(constituting constitutes a high proportion of the total whey solids) and 20% of the
protein is present in whey (Smithers, 2008). Acid and sweet whey differ in their contents
of protein, lactic acid, mineral elements and lecithin (Mavropoulou & Kosikowski, 1973).
The compositions of fresh sweet and sour whey are given in Table 2.1.
Table 2.1

Chemical composition of fresh sweet and sour whey (%)

Water
Dry matter
Lactose
Lactic acid
Total protein
Whey protein
Citric acid
Minerals
pH
Sulfhydryl value
(Spreer, 1998)

Sweet whey
93-94
6-6.5
4.5-5
traces
0.8-1.0
0.6-0.65
0.1
0.5-0.7
6.4-6.2
about 4
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Acid whey
94-95
5-6
3.8-4.3
up to 0.8
0.8-1.0
0.6-0.65
0.1
0.5-0.7
5.0-4.6
20-25

Fermented milk products have been produced since ancient time and cheese is one
of the most popular fermented products, available in hundreds of varieties around the
globe (Henning, Baer, Hassan, & Dave, 2006). The United States is the largest producer
of cheese in the world. It has been estimated that the total production of cheese reached
942 million pounds in United States in 2014, which contains an output of about 222.7
million pounds of whey products, such as dry whey, lactose and whey protein concentrate
(USDA 2014). Further manufacturing processes and the huge marketing demand have led
to the production of various forms of whey including whey powder, demineralized whey,
delactosed whey, whey protein isolate (WPI) and whey protein concentrates (WPC).
Especially, whey powder can be considered to be the most important form of whey
product of the future because of the need to divert fluid whey from waterways and
prevent potential contamination. Whey powders differ in compositions, especially with
respect to fluid, or dried and sweet or sour whey (F. Kosikowski & Mistry, 1966). The
mainly compositions between such dried whey products are given in Table 2.2.
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Table 2.2

Typical composition of major types of dried whey products (%, w/w)

Product type
Regular whey
powder
Demineralized
(70%) whey
powder
Demineralized
(90%) whey
powder
Ultrafiltration
permeate powder
Whey protein
‘concentrate’
(skim milk
replacer)
Whey protein
concentrate
Whey protein isolate
(Jelen, 2003)

Total protein
12.5

Lactose
73.5

Minerals
8.5

13.7

75.7

3.5

15.0

83.0

1.0

1.0

90.0

9.0

35.0

50.0

7.2

65.0–80.0

4.0–21.0

3.0–5.0

88.0–92.0

<1

2.0–3.0

Cheddar whey is a major starting material for the manufacture of WPC and WPI
(Zhu & Damodaran, 2012). Both of them are rich in nutritive values and whey protein is
one of the most significant components existing in whey products (Zhu & Damodaran,
2012). Whey protein applied to most food and beverage products comes in three distinct
forms, namely, whey powder, which can range in protein concentration from 11% to
14.5%; WPC, which can range in protein concentration from 35% to 89%; and WPI,
which contains 90% or greater protein concentration (S. Jervis et al., 2012). WPI has a
higher protein concentration.
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2.3
2.3.1

Whey bleaching
Annatto
Annatto is a natural and yellow-orange colorant that is present in fresh whey. It is

widely used in the dairy industry and is obtained from the outer layer of the seeds of the
tropical tree Bixa orellana L (Wallin, 2006). It has been used as a colorant more than
thousand years but sometimes it is also used to add flavor and aroma in food products. It
contains the carotenoids bixin and norbixin (Wallin, 2006). Norbixin is the primary
carotenoid component of annatto (Wallin, 2006). Of the added annatto, about 10% of the
norbixin remains in the liquid sweet whey which imparts the yellow color (M. Jervis,
Smith, & Drake, 2015). These colors vary between red and yellow, and are extensively
applied in the food, pharmacological and cosmetic industries (Taham, Cabral, & Barrozo,
2015). In addition, some studies have shown that norbixin is able to bind with β-casein or
β-lactoglobulin to form a stable complex that prevents easy removal of annatto.
According to the regulation of Food and Drug Administration (FDA), annatto is one of
the color additives that do not need to get certification. The physical structure of annatto
is showed in Fig. 2. 1 (Hallagan, Allen, & Borzelleca, 1995).

Figure 2.1

Major colour additives exempt from certification.

(Hallagan et al., 1995)
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The main component of annatto preparations is carboxylic acid and exhibit a pink
color when used in low pH food products (Champan, Thompson, & Slade, 1980). For
annatto extract, there are two main processed product, including water soluble
apocarotenoid norbixin and oil soluble apocarotenoid ester bixin. The major pigment of
annatto is cis-bixin, the mono-methyl ester of the dicarboxylic acid cis-norbixin (Preston
& Rickard, 1980; Wallin, 2006). Annatto is most commonly added to produce orange
cheese to achieve a consistent color over seasonal changes (Kang, Campbell, Bastian, &
Drake, 2010). For example, Cheddar whey, colored with annatto, is frequently used in
food manufacturing. Fifteen percent of the annatto added to the cheese milk remains in
the whey (McDonough, Hargrove, & Tittsler, 1968). However, some of the colorant
remains in the whey and negatively impacts the color of dried whey protein (Kang,
Smith, & Drake, 2012). When whey is subsequently converted to WPC and WPI, the
residual annatto imparts an undesirable yellow color to these products (Zhu &
Damodaran, 2012). Whey bleaching (whey or fluid retentate) can be conducted at any
step in whey protein manufacture and varies among manufacturers (Wallin, 2006). A
bland and colorless dried ingredient is desired to minimize flavor and color effects on
finished products (Listiyani et al., 2012). Cheddar whey is often bleached due to the
undesirable effects of the colorant. And, because of its unsaturated structure, annatto is
highly susceptible to oxidation and can be easily decolorized (McDonough et al., 1968).
2.3.2

Enzyme bleaching
The bleaching process can be categorized into three groups depending on the

mechanism: oxidizing bleach, reducing bleach, and biochemical bleach (Kang et al.,
2010). Certain enzymes have a considerable effect on whey bleaching, as well. There are
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three different types of enzymes existing in dairy ingredients, including indigenous,
exogenous, and endogenous enzymes. Lactoperoxidase, which is a natural antibacterial
agent and an indigenous peroxidase enzyme in fluid bovine milk, can be used to bleach
whey effectively. The physico-chemical property of bovine lactoperoxidase is shown in
Table 2.3.
Table 2.3

Physico-chemical characteristics of bovine lactoperoxidase

Characteristic
Molecular weight
Amino acid residues
Half cystine residues
Carbohydrate content
Iron content
Secondary structure

Data
78 431 Da
612
15
10%
0.07 %
23 % a, 65 % b, 12 %
unordered
Absorptivity 412 nm
112.3 mM-1 cm-1
Absorptivity 280 nm
14.9—15.0, 1 %, 1 cm
Redox potential (Em)
-191 mV
(Kussendrager & Van Hooijdonk, 2000)

Reference
Paul & Ohlsson, 1985
Cals et al. 1991
Cals et al. 1991
Carlstrom, 1969
Paul & Ohlsson, 1985
Sievers, 1980
Paul & Ohlsson, 1985
Paul & Ohlsson, 1985
Paul & Ohlsson, 1985

The Lactoperoxidase system has three components: lactoperoxidase, thiocyanate
(SCN–), and hydrogen peroxide. Generally, lactoperoxidase converts SCN− to
hypothiocyanate (OSCN−), a potent antimicrobial, in the presence of hydrogen peroxide
(<50 ppm) and thiocynate in sufficient amounts (Campbell & Drake, 2014; Kang et al.,
2010). The principle of whey bleaching by lactoperoxidase based on the strong oxidizing
capacity that allows OSCN– to react with carotenoids, leading to destruction of
conjugation and subsequent color loss of norbixin (Campbell, Kang, Bastian, & Drake,
2012). According to a report that any one of the three components that make up the
lactoperoxidase system could limit lactoperoxidase activity (Campbell & Drake, 2013a).
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Lactoperoxidase is one of the most heat stable enzymes in bovine milk (Seifu, Buys, &
Donkin, 2005). However, it is less heat stable under acidic conditions, conceivably due to
the release of calcium from the molecule (Kussendrager & Van Hooijdonk, 2000).
Lactoperoxidase activity is higher in retentate than fluid whey as it is concentrated in the
former along with other proteins during ultrafiltration (Campbell Mertz, 2013).
2.3.3

Hydrogen peroxide and benzoyl peroxide
In the United States, hydrogen peroxide (HP) and benzoyl peroxide (BP) are the

two permitted chemical oxidizing agents that are used for bleaching (Wallin, 2006). A
considerable amount of studies have been conducted on whey bleaching using the above
mentioned chemicals. Benzoyl peroxide (C14H10O4) is a colorless, odorless and rhombic
crystalline solid (JECFA, 2004a). It is insoluble in water, slightly soluble in alcohol and
soluble in chloroform and ether (JECFA, 2004a). Benzoyl peroxide has been used as an
effective bleaching agent over 50 years. It degrades to benzoic acid upon reacting with
oxidizable substances, such as annatto, dye or carotenoid pigments during cheese making
(Listiyani, Campbell, Miracle, Dean, & Drake, 2011). It also can be used for cosmetic
purposes, such as bleaching teeth, hair and skin. In addition, it has considerable efficacy
in improving flour, whey processing, milk for cheese products manufacture and annattocolored whey, or other types of whey. HP (H2O2) is another oxidizing agent to bleach
flour and fluid whey but is commercially available as an aqueous solution. Both BP and
HP are GRAS when used as direct human food ingredients, such as bleaching agents,
following current Good Manufacturing Practices [GMP; Food and Drug Administration
(FDA), US, 2014]. However, there is a limitation on the level of usage of BP and HP for
whey bleaching. The maximum permissible rate of HP usage is about 500 mg/kg or 500
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ppm in annatto-colored whey. Amount of BP for bleaching purposes is not currently
regulated in the United States, but it generally does not exceed 0.01% or 100 ppm (M.
Jervis et al., 2015; Kang et al., 2010). BP and HP are considered to be the two oxidizing
agents to bleach cheese whey most efficiently, such as Cheddar liquid whey, WPC 34,
WPC 80 and WPI. It has been reported that when applied to liquid whey, BP bleaching
resulted in less off flavors and fewer lipid oxidation products compared with HP
(Croissant, Kang, Campbell, Bastian, & Drake, 2009; Listiyani et al., 2011). Generally,
both BP and HP are used as dried powders for the purpose of bleaching fluid whey, WPI
or WPC powders directly. Raw whole milk for Cheddar cheese manufacture is first
pasteurized around 72°C for 30 min in a heat exchanger and subjected to inoculation with
the starter culture (S. Jervis et al., 2012). Fresh Cheddar liquid whey is fat separated with
a hot bowl centrifugal separator and pasteurized around 63°C before whey bleaching (M.
Jervis et al., 2015; S. Jervis et al., 2012; Listiyani et al., 2012; Listiyani et al., 2011). But
it has demonstrated that fat separated or unseparated would not influence the result of
bleaching (Fox, Smith, Gerard, & Drake, 2013). Next, bleaching agents are added to
liquid whey and kept for one hour at either cold (4°C) or hot temperature (50°C)
(Croissant et al., 2009; Kang et al., 2012; Listiyani et al., 2011; Park, Bastian, Farkas, &
Drake, 2014).
2.3.4

Volatile compounds and flavors
Processing steps (including bleaching) during manufacture of whey protein

concentrate such as WPC34, WPC80, and WPI, impart off-flavors (Croissant et al., 2009;
M. Jervis et al., 2015). The flavor of fluid whey can carry through into the finished dried
products and influence consumer preference, because consumers prefer colorless dried
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whey ingredients with a bland flavor (Campbell & Drake, 2013a, 2013b). The volatile
compounds of Cheddar whey commonly include hexanal, acetic acid, butyric acid,
heptanal etc. Bleaching of liquid fresh whey can influence the flavors of both WPC and
WPI. Flavor variability in WPC80 has been attributed to milk source, starter culture,
processing, storage and bleaching agents (S. Jervis et al., 2012; Tomaino, Turner, &
Larick, 2004; Whetstine, Parker, Drake, & Larick, 2003). Norbixin itself has no direct
effect on the flavor of dried WPC, but choice of bleaching agents is able to impact the
flavor of liquid whey as well as the subsequent spray-dried WPC (Croissant et al., 2009;
Kang et al., 2012; Smith, Li, & Drake, 2014).
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CHAPTER III
MATERIALS AND METHODS
3.1

Materials
Ammonium-acetate, bovine serum albumin (BSA, ≥ 98%), Tween 20, Triton X-

100 (TX100) (nonionic surfactant), benzoyl peroxide powder (BP, ≥ 98%), butyric acid,
hexanoic acid were purchased from Sigma-Aldrich Co. (St. Louis, MO). Fresh Edam
whey with annatto colorant was obtained from the Mississippi State University Dairy
Plant. Annatto colorant was purchased from Chr. Hansen Company, Milwaukee, WI. All
other reagents were analytical grade.
3.2
3.2.1

Methods
Preparation of buffer
Ammonium-acetate/acetic-acid buffer (10 mM) was prepared as the aqueous

phase of the mixed stabilization system. In general, the pH of the ammonium-acetate
buffer is about 6.8 (Common Buffers and Stock Solutions, 2001). Final pH of the buffer
solution was adjusted to 6.0 with 10% diluted acetic-acid.
3.2.2

Nanoemulsion preparation
Table 3.1 summarizes the treatments for nanoemulsion (NE) formulation used in

the current study. The NE formulation was prepared by the method represented in Figure
3.1. BSA was used as the emulsifier and Tween 20 was used as the co-emulsifier with
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various concentrations of the emulsifier (w/v E). Three short chain fatty-acids, butyric,
hexanoic and octanoic acids (C4, C6 and C8, respectively) were used as the dispersed
phases with a constant fraction (φ) of 0.004. The dispersed phase containing BP should
be immediately disseminated within the aqueous phase to make pre-mixed emulsion.
Because BP should completely dissolved into dispersed phase after emulsion system
performed. The concentration of BP was 0.04% (w/v). Sonication (Sonics & Materials,
Inc. Danbury, USA) was used with 50% duty cycle and 5 micro-tip limit of output
control. The benchtop pressure cell homogenizer (Stansted Fluid Power, Essex, UK),
which was supplied by Dr. Sam Chang, used to make nanoemulsions. Pre-mixed
emulsions (without UHPH) were used as controls.

Figure 3.1

Flow chart for preparation of nanoemulsion
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Table 3.1

All treatment combinations for nanoemulsion formulations

Fatty-Acids
Butyric acid

Hexanoic acid

Octanoic acid

3.2.3

BSA (w/v %)
0.04
0.4
0.6
0.8
0.04
0.4
0.6
0.8
0.04
0.4
0.6
0.8

Tween 20 (v/v% E)
0，0.5，1.0
0，1.0，8.0
0，1.0，8.0
0，1.0，8.0
0, 0.5，1.0
0，1.0，8.0
0，1.0，8.0
0，1.0，8.0
0, 0.5, 1.0
0，1.0，8.0
0，1.0，8.0
0，1.0，8.0

Particle size analysis
Dispersed phase surface mean globular diameter (dvs) and volume fractions (φi)

were determined using a S3500 Blue-wave Multi Laser Particle Size Wet/Dry Analyzer
(Microtrac, Dallas, TX). It was supplied by Dr. Sam Chang’s laboratory. Data were
acquired in triplicate. The dvs is determined by the expression in 3.1 (Haque & Zhang,
2015): where Vi is the volume of globules in a size class of average diameter di and φi
can be defined as the volume of a constituent (Vi) divided by the volume of all other
constituents of the mixture (V) prior to mixing.
ΣVi/Σ(Vi/di)
3.2.4

(3.1)

Annatto content of Edam whey
For 6,700 pounds of Edam cheese manufacture, 137 mL annatto is used in the

Mississippi State University Dairy Plant. Edam whey was supplied by Mr. McClelland.
(jmcclelland@foodscience.msstate.edu).
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3.2.5

pH estimation of Edam whey fluid
The pH of Edam whey ranged between 6.3-6.6, which was measured using an

Accumet AB15 Basic and BioBasic pH/mV/°C Meter (Fisher Scientific, Pittsburgh, PA).
It was supplied by Dr. Sam Chang, Department of Food Science, Nutrition and Health
Promotion, Mississippi State University (Mississippi State, MS).
3.2.6

Edam whey bleaching
Edam whey was pasteurized at 70°C in a water bath for 30 minutes before

bleaching (S. Jervis et al., 2012). A number of studies recommend separation of fat from
whey in a hot bowl centrifugal separator before pasteurization (M. Jervis et al., 2015;
Listiyani et al., 2012). However, it has been demonstrated that separation of fat has no
considerable influence on bleaching (Fox et al., 2013). Thus, in the current study, Edam
whey was directly subjected to blending following pasteurization. Each bleaching sample
contained 100 g Edam whey. Amount of BP used for bleaching was subjected to dilution
for one, two, four, eight and sixteen folds by reducing the volume of NE applied to
bleach a given volume of whey. Next, liquid whey was treated for one, two and four
hours, respectively, with the NE. Treatments consisted of NE with normal concentration
(one-fold) of BP by the industry (16 mg/kg), BP powder only and untreated Edam whey
were used as the controls. Bleaching process was conducted in a water bath at 50°C
(Kang et al., 2012; Listiyani et al., 2011; Park et al., 2014).
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3.2.7

Colorimetric analysis
The changes in color of Edam whey following various periods of bleaching were

measured using a (Discontinued) CR-310 Chroma Meter (Minolta, Tokyo, Japan) in Dr.
Sam Chang’s laboratory.
3.2.8

Data analysis
The statistical significance was computed by one-way analysis of variance

(ANOVA) using the software program package Statistical Applicatory System (SAS,
version 9.3, SAS Institute Inc., Cary, NC, USA). Fisher’s least significant difference
(LSD) test was used to separate treatment means (P<0.05). Sigma Plot (version 12.3,
Systat Software Inc., UK) was used to analyze the volume fractions of NE and deduce the
effects of different concentrations of BSA, Tween 20 and various UHPH on NE
formulations.
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CHAPTER IV
RESULTS AND DISCUSSION
4.1

Solubility of BP in C4, C6 and C8 acids
The maximum permissible level of BP usage [32% (w/w; weight/weight) Oxylite

Type XX, Nelson Jameson, Inc., Marshfield, Wis., U.S.A.] for whey bleaching is 50 ppm
of whey powder according to the manufacturer (Adams, Zulewska, & Barbano, 2013; S.
Jervis et al., 2012). In order to improve the efficacy of Edam whey bleaching with lower
amounts of BP, the study aimed at increasing the surface area of BP by dissolving it in
fatty acids and subsequently subjecting it to ultra-high pressure homogenization. The
results showed 50°C to be the temperature in which maximum amount of BP [with the
concentration of 0.1% (w/v; weight/volume) of fatty acids and 0.04% (w/v) of the NE]
could be dissolved in 4 ml of C4, C6 and C8 (Table 4.1). BP would become solid again
within fatty acids after the temperature cool down to room temperature. However, BP can
be stable and dissolved in fatty acids completely by making emulsion system, even at the
room temperature.
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Table 4.1

Maximum solubility of BP (g) in C4, C6 and C8 (mL) at different
temperatures by sonication for 1 min

Temperature (°C)
Room temperature
30
40
50

4.2
4.2.1
4.2.1.1

Benzoyl peroxide (g)
0.16
0.16
0.25
0.40

C4 / C6 / C8 (mL)
4
4
4
4

Mean globular diameters of NE with C4, C6 and C8 acids
C4
Effect of UHPH
The final particle sizes of UHPH treated emulsions were much smaller than the

coarse emulsions when using C4 as the dispersed phase. Figs. 4.1- 4.4 demonstrated that
the mean globular diameters (dvs) of NE formulated with UHPH of 140, 210 and 280
MPa, respectively, differed (p<0.05) from the controls. It was also evident that UHPH
could efficiently reduce dvs of the emulsions with any conditions when C4 was used with a
fraction (φ) of 0.004. Figs. 4.5-4.8 showed, however, the dvs of the samples did not
change significantly with increasing levels of UHPH. Both the Fig. 4.7 and 4.8
demonstrated no significant difference between the UHPH treated samples (except for
their differences from the controls) when 0.4, 0.6 and 0.8% (w/v) of BSA (the emulsifier,
E) with 8.0% (w/w E) and without Tween 20 (the co-emulsifier, CE) were used for NE
formulation.
However, Fig. 4.5 showed that UHPH of 210 and 280 MPa could result in the
generation of smaller dvs (p<0.05) when compared to 140 MPa when concentrations of
BSA and CE were 0.04% (w/v) and 0.5% (w/w E), respectively.
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4.2.1.2

Effect of BSA concentration
Mean globular diameters of the samples tended not to differ significantly that

contained C4 as the dispersed phase and three different concentrations, 0.4, 0.6 and 0.8%
(w/v), respectively, of BSA, with CE concentrations and UHPH levels being constant
(Figs. 4.6-8). Fig. 4.6 indicated that dvs of the NEs with a BSA concentration of 0.8%
(w/v) was greater (p<0.05) compared to the one containing 0.6% (w/v) of the emulsifier,
when 210 MPa was used. However, neither of these differed significantly from the dvs of
the NEs consisting of 0.4% (w/v) BSA, pressure being equal.
4.2.1.3

Effect of Tween 20 concentration
There were considerable increases in dvs of NEs with C4 as the dispersed phase

and BSA concentration 0.04% (w/v), when concentrations of CE were 0.5 and 1.0% (w/w
E) and UHPH of 140 and 210 MPa, respectively, were used (Fig. 4.5). But dvs was less
reduced (p<0.05) for unpressurized samples, as well as the ones subjected to UHPH at
210 MPa treatment after concentration of CE increased from 1.0 to 8.0% (w/w E),
especially when BSA concentration was 0.4 and 0.6% (w/v) (Figs. 4.6-7). However, there
was no significant difference between the dvs of the samples containing 8.0% CE (w/w E)
as well as the ones with none for the various levels of UHPH (Figs. 4.7- 8). The dvs even
decreased when NEs contained 0.4 and 0.6% (w/v) of BSA without CE with no UHPH
(Figs. 4.7-8). Those data demonstrated Tween 20 did not affect much on dvs for C4
systems (Figs. 4.5-8).
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Figure 4.1

Mean globular diameters of NEs containing 0.4% concentration of C4 (φ =
0.004), 0.04% (w/v) of BSA, 0, 0.5 and 1.0% (w/w E) of Tween 20 and
0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210 and
280 MPa, respectively.
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Figure 4.2

Mean globular diameters of NEs containing 0.4% concentration of C4 (φ =
0.004), 0.4, 0.6 and 0.8% (w/v) of BSA, 1.0% (w/w E) of Tween 20 and
0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210 and
280 MPa, respectively.
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Figure 4.3

Mean globular diameters of NEs containing 0.4% concentration of C4 (φ =
0.004), 0.4, 0.6 and 0.8% (w/v) of BSA, 8.0% (w/w E) of Tween 20 and
0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210 and
280 MPa, respectively.
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Figure 4.4

Mean globular diameters of NEs containing 0.4% concentration of C4 (φ =
0.004), 0.4, 0.6 and 0.8% (w/v) of BSA, concentration of Tween 20 was nil
and 0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210
and 280 MPa, respectively.
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Figure 4.5

Effects of Tween 20 concentrations at 0, 0.5 and 1.0% (w/w of the E), on
mean globular diameters of NEs containing C4 (φ =0.004), 0.04% (w/v) of
BSA and 0.04% (w/v) of BP at 25°C, that were subjected to UHPH at 140,
210 and 280 MPa, respectively.

Non-identical letters indicate significance at p=0.05
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Figure 4.6

Effects of Tween 20 concentrations at 1.0% (w/w of the E), on mean
globular diameters of NEs containing C4 (φ =0.004), 0.4, 0.6 and 0.8%
(w/v) of BSA and 0.04% (w/v) of BP at 25°C, that were subjected to
UHPH at 140, 210 and 280 MPa, respectively.

Non-identical letters indicate significance at p=0.05
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Figure 4.7

Effects of Tween 20 concentrations at 8.0% (w/w of the E), on mean
globular diameters of NEs containing C4 (φ =0.004), 0.4, 0.6 and 0.8%
(w/v) of BSA and 0.04% (w/v) of BP at 25°C, that were subjected to
UHPH at 140, 210 and 280 MPa, respectively.

Non-identical letters indicate significance at p=0.05
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Figure 4.8

Effects of BSA concentrations at 0.4, 0.6 and 0.8% (w/v), on mean globular
diameters of NEs containing C4 (φ =0.004) and 0.04% (w/v) of BP at 25°C,
that were subjected to UHPH at 140, 210 and 280 MPa, respectively.
Concentration of Tween 20 was nil.

Non-identical letters indicate significance at p=0.05
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4.2.2
4.2.2.1

C6
Effect of UHPH
All Figs. 4.9-4.12 and Figs. 4.13-4.16 indicated 210 MPa to be the best UHPH

level for the maximum reduction in particle sizes of the NE systems containing C6 as the
dispersed phase. Controls exhibited considerably smaller dvs values compared to the
samples containing 0.4 and 0.6% (w/v) of BSA with 8.0% (w/w E) of CE that were
subjected to UHPH of 140 and 280 MPa (Figs. 4.11 and 4.15). In addition, Fig. 4.13
showed no significant difference between control and UHPH treated samples when
samples had a BSA concentration of 0.04% (w/v) and no CE.
4.2.2.2

Effect of BSA concentration
No significant difference of dvs was observed for the NEs containing hexanoic

acid (C6) as the dispersed phase and different concentrations of BSA when CE was 1.0%
(w/w E) and UHPH of 140, 210 and 280 MPa were used (Fig. 4.14). However, dvs
increased significantly for the NEs with 0.6% (w/v) of BSA subjected to 280 MPa as well
as 0.8% (w/v) of the protein subjected to nil and 140 MPa, respectively, when
concentration of CE was 8.0% (w/w E) (Fig. 4.15). The dvs for the NEs containing 0.8%
(w/v) of BSA, but no CE increased significantly (p<0.05) compared to all other ultrapressure-homogenized samples, when 280 MPa of pressure was applied (Fig. 4.16).
4.2.2.3

Effect of Tween 20 concentration
For C6, dvs of control treatments increased significantly after increased

concentration of CE to 0.5 and 1.0% (w/w /E) for 0.04% (w/v) of BSA (Fig. 4.13). A
significant (p<0.05) increase in dvs was recorded after CE concentration increased from
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1.0 to 8.0% (w/w E) in the unpressurized samples containing 0.4 and 0.6% (w/v) of BSA.
Significant decrease (p<0.05) of dvs for the samples with 0.6 and 0.8% (w/v) of BSA
subjected to UHPH at 280 and 140 MPa, respectively, were also observed (Figs. 4.13 and
4.14). Significant (p<0.05) reduction of dvs was observed when CE concentration
increased to 1.0 and 8.0% (w/w E) for the samples containing 0.8% (w/v) BSA that were
subjected to 280 MPa (Figs. 4.14-16). However, a significant increase of dvs was
observed after CE concentration increased to 1.0 and 8.0% (w/w E) when concentration
of BSA was 0.6% (w/v) and UHPH of 280 MPa was applied (Figs. 4.14-16).
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Figure 4.9

Mean globular diameters of NEs containing 0.4% concentration of C6 (φ =
0.004), 0.04% (w/v) of BSA, 0, 0.5 and 1.0% (w/w E) of Tween 20 and
0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210 and
280 MPa, respectively.
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Figure 4.10

Mean globular diameters of NEs containing 0.4% concentration of C6 (φ =
0.004), 0.4, 0.6 and 0.8% (w/v) of BSA, 1.0% (w/w E) of Tween 20 and
0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210 and
280 MPa, respectively.
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Figure 4.11

Mean globular diameters of NEs containing 0.4% concentration of C6 (φ =
0.004), 0.4, 0.6 and 0.8% (w/v) of BSA, 8.0% (w/w E) of Tween 20 and
0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210 and
280 MPa, respectively.
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Figure 4.12

Mean globular diameters of NEs containing 0.4% concentration of C6 (φ =
0.004), 0.4, 0.6 and 0.8% (w/v) of BSA, concentration of Tween 20 was nil
and 0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210
and 280 MPa, respectively.
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Figure 4.13

Effects of Tween 20 concentrations at 0, 0.5 and 1.0% (w/w of the E), on
mean globular diameters of NEs containing C6 (φ =0.004), 0.04% (w/v) of
BSA and 0.04% (w/v) of BP at 25°C, that were subjected to UHPH at 140,
210 and 280 MPa, respectively.

Non-identical letters indicate significance at p=0.05
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Figure 4.14

Effects of Tween 20 concentrations at 1.0% (w/w of the E), on mean
globular diameters of NEs containing C6 (φ =0.004), 0.4, 0.6 and 0.8%
(w/v) of BSA and 0.04% (w/v) of BP at 25°C, that were subjected to
UHPH at 140, 210 and 280 MPa, respectively.

Non-identical letters indicate significance at p=0.05
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Figure 4.15

Effects of Tween 20 concentrations at 8.0% (w/w of the E), on mean
globular diameters of NEs containing C6 (φ =0.004), 0.4, 0.6 and 0.8%
(w/v) of BSA and 0.04% (w/v) of BP at 25°C, that were subjected to
UHPH at 140, 210 and 280 MPa, respectively.

Non-identical letters indicate significance at p=0.05
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Figure 4.16

Effects of BSA concentrations at 0.4, 0.6 and 0.8% (w/v), on mean globular
diameters of NEs containing C6 (φ =0.004) and 0.04% (w/v) of BP at 25°C,
that were subjected to UHPH at 140, 210 and 280 MPa, respectively.
Concentration of Tween 20 was nil.

Non-identical letters indicate significance at p=0.05
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4.2.3
4.2.3.1

C8
Effect of UHPH
The dvs values of the control and UHPH treated samples did not differ

significantly for the samples formulated with C8 as the dispersed phase and BSA
concentrations of 0.4 and 0.8% (w/v) (Figs. 4.17 and 4.20, respectively). Fig. 4.20
depicted that controls had significantly larger dvs than UHPH when 0.6% (w/v) of BSA
and 1.0% (w/w E) of CE were used. Fig. 4.21 indicated 140 MPa to result in the greatest
reduction in dvs for the samples containing all three concentrations of BSA and 8.0%
(w/w E) of CE. In addition, no significant difference with respect to dvs was observed in
the samples except for the control containing 0.4% (w/v) BSA (Fig. 4.22), which
exhibited significantly (p<0.05) larger dvs than other samples.
4.2.3.2

Effect of BSA concentration
All Figs. 4.17-19 depicted the considerable variation in dvs that might be attributed

to treatment conditions of individual NE systems. NEs formulated with no Tween 20 did
not differ significantly with respect to dvs (Fig. 4.22). However, the dvs of unpressurized
samples 0.4% (w/v) of BSA was significantly (p<0.05) higher than others (Fig. 4.22).
Lower UHPH was found to generate lower dvs values for the NEs containing higher
concentrations of BSA (Figs. 4.20 and 21). A significant (p<0.05) reduction in dvs was
recorded when NEs containing 0.8% (w/v) BSA was subjected to an UHPH of 140 MPa
(Figs. 4.20-22). NEs with 0.6% (w/v) BSA without CE showed a considerable reduction
in dvs when UHPH of 210 MPa was applied (Fig. 4.22).
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4.2.3.3

Effect of Tween 20 concentration
No significant reduction of dvs was recorded after concentration of CE was

increased (Figs. 4.17-19). Particle size was found to considerably increase as CE
concentration was increased from 1.0 to 8.0% (w/w E) (Figs. 4.20-22). For example, dvs
increased significantly (p<0.05) after concentration of CE was increased from 1.0 to
8.0% (w/w E) at a BSA concentration of 0.6% (w/v) and UHPH of 210 MPa.

Figure 4.17

Mean globular diameters of NEs containing 0.4% concentration of C8 (φ =
0.004), 0.4, 0.6 and 0.8% (w/v) of BSA, 1.0% (w/w E) of Tween 20 and
0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210 and
280 MPa, respectively.
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Figure 4.18

Mean globular diameters of NEs containing 0.4% concentration of C8 (φ =
0.004), 0.4, 0.6 and 0.8% (w/v) of BSA, 8.0% (w/w E) of Tween 20 and
0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210 and
280 MPa, respectively.
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Figure 4.19

Mean globular diameters of NEs containing 0.4% concentration of C6 (φ =
0.004), 0.4, 0.6 and 0.8% (w/v) of BSA, concentration of Tween 20 was nil
and 0.04% (w/v) of BP at 25°C, that was subjected to UHPH at 140, 210
and 280 MPa, respectively.
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Figure 4.20

Effects of Tween 20 concentrations at 1.0% (w/w of the E), on mean
globular diameters of NEs containing C8 (φ =0.004), 0.4, 0.6 and 0.8%
(w/v) of BSA and 0.04% (w/v) of BP at 25°C, that were subjected to
UHPH at 140, 210 and 280 MPa, respectively.

Non-identical letters indicate significance at p=0.05
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Figure 4.21

Effects of Tween 20 concentrations at 8.0% (w/w of the E), on mean
globular diameters of NEs containing C8 (φ =0.004), 0.4, 0.6 and 0.8%
(w/v) of BSA and 0.04% (w/v) of BP at 25°C, that were subjected to
UHPH at 140, 210 and 280 MPa, respectively.

Non-identical letters indicate significance at p=0.05
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Figure 4.22

Effects of BSA concentrations at 0.4, 0.6 and 0.8% (w/v), on mean globular
diameters of NEs containing C8 (φ =0.004) and 0.04% (w/v) of BP at 25°C,
that were subjected to UHPH at 140, 210 and 280 MPa, respectively.
Concentration of Tween 20 was nil.

Non-identical letters indicate significance at p=0.05
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Lee and Norton (2013) reported a significant reduction in droplet size with
increasing homogenization pressure which results in the input of high-energy into
emulsion systems, thus exposing the oil droplets to higher shear forces, which causes
them to disintegrate in the process. This in turn results in a substantial increase in the
surface area of the oil phase, which in the current study would enable comparatively less
amount of BP in an NE system to function much efficiently with respect to bleaching.
Unfortunately, the concomitant increase in temperature following UHPH may render the
NE systems unstable (Qian & McClements, 2011), in addition to adversely affecting the
dvs values of the samples produced by homogenization (Floury et al., 2000). To avoid
this, NE systems require constant cooling to ambient temperature at least prior to particle
size analysis to account for its thermodynamic instability.
The emulsifier BSA played an important role in droplet disintegration,
stabilization and coalescence (Leong, Wooster, Kentish, & Ashokkumar, 2009). The
major function of the emulsifier was to reduce the surface tension at the O/W
nanoemulsion interface (Haque & Kinsella, 1988). In this study, a certain amounts of
sediments were produced for some of the treatments with C6 and most of the treatments
with C8 after blending and UHPH. In addition, the plausible adverse effect of the high
energy input from UHPH on the emulsifying ability of BSA conceivably rendered the NE
systems unstable. Also, C8 consists of a longer carbon-chain and is more hydrophobic
compared to C4 and C6. Tim J. Wooster (2008) reported that NEs formulated with high
viscosity oils had considerably larger dvs than low viscosity ones, which provides a
plausible explanation of the larger dvs values of NEs consisting of C8 as the dispersed
phase compared to the ones containing C4 or C6.
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Tween 20 is a low molecular weight, non-polar co-emulsifier which gets adsorbed
into the continuous interface quickly and the large excess should minimize any effects of
emulsifier depletion (Lee & Norton, 2013). A considerable decrease in the amount of
emulsifier on the oil surface as well as dvs were observed when the concentration of CE
was increased (Xin et al., 2013). However, it might also lead to instability of NE systems
due to its low molecular weight, especially when a higher molecular weight protein,
BSA, is used as the emulsifier.
4.3

Nanoemulsion selection for Edam whey bleaching
All NE formulations with C4 and C6 as the dispersed phase showed dvs values less

than 300nm (Figs. 4.23-24). These treatments, however, did not differ significantly
among themselves. Only one treatment with C8 as the dispersed phase had dvs less than
300nm. Therefore, three treatments for each type of fatty acid with least concentrations of
BSA and CE that were subjected to lowest UHPH were selected for Edam whey
bleaching (Table 4.2). Figs. 4.25-27 and Tables 4.3-5 showed the volume fractions (φi)
and dvs for the NEs prepared with C4, C6 and C8, respectively. It was also evident that the
stability of NE system with C4 was much better than C6 and C8 based on both of φi and dvs
in each triplicate (Figs. 25-27).
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Figure 4.23

All treatments with C4, which mean globular diameters were less than 300
nm.

Non-identical letters indicate significance at p=0.05
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Figure 4.24

All treatments with C6, which mean globular diameters were less than 300
nm.

Non-identical letters indicate significance at p=0.05

55

Figure 4.25

Particle size distribution of NE system containing BSA, 0.04% (w/v), C4
with φ of 0.004 and BP at 0.04% (w/v), following single-pass UHPH at 210
MPa.
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Figure 4.26

Particle size distribution of NE system containing BSA, 0.04% (w/v), C6
with φ of 0.004 and BP at 0.04% (w/v), following single-pass UHPH at 210
MPa.
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Figure 4.27

Particle size distribution of NE system containing BSA, 0.6% (w/v), C8
with φ of 0.004 and BP at 0.04% (w/v), following single-pass UHPH at 210
MPa.
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Table 4.2

Three best treatments for each fatty acid were selected for Edam whey
bleaching, respectively. Mean globular diameter of each treatment was less
than 300 nm.
Fatty acid
Butyric acid

Treatment
0.04% (w/v) of BSA, φ of 0.004 and
0.04% (w/v) of BP at 210 MPa
0.04% (w/v) of BSA, φ of 0.004 and
0.04% (w/v) of BP at 210 MPa
0.6% (w/v) of BSA, φ of 0.004 and
0.04% (w/v) of BP at 210 MPa

Hexanoci acid
Octanoic acid

Table 4.3

Particle size distribution and volume fractions of NE system containing
0.04% (w/v) BSA, C4 with φ of 0.004 and 0.04% (w/v) of BP, following
single-pass UHPH at 210 MPa.

Replicates

Diameter (nm)
1st
2nd
1
35
1190
2
34
1301
3
34
1352
1st and 2nd represented the peaks of distribution.

Table 4.4

Volume Fraction
1st
2nd
0.824
0.176
0.934
0.066
0.940
0.060

dvs (nm)
315
154
140

Particle size distribution and volume fractions of NE system containing
0.04% (w/v) BSA, C6 with φ of 0.004 and 0.04% (w/v) of BP, following
single-pass UHPH at 210 MPa.

Replicates

Diameter (nm)
1st
2nd
1
26.2
994
2
50.0
920
3
52.0
907
st
nd
1 and 2 represented the peaks of distribution.
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Volume Fraction
1st
2nd
0.936
0.064
0.878
0.122
0.830
0.170

dvs (nm)
114
199
255

Table 4.5

Particle size distribution and volume fractions of NE system containing
0.6% (w/v) BSA, C8 with φ of 0.004 and 0.04% (w/v) of BP, following
single-pass UHPH at 210 MPa.

Replicates

Diameter (nm)
1st
2nd
1
94.0
—
2
63.0
—
3
19.5
334
1st and 2nd represented the peaks of distribution.

4.4

Volume Fraction
1st
2nd
1.000
—
1.000
—
0.984
0.0197

dvs (nm)
362
237
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Usage of BP for Edam whey bleaching
Based on the fact that about 50 ppm of BP powder is used for bleaching one

kilogram of whey (Oxylite Type XX Benzoyl peroxide 32% by weight, Nelson Jameson,
Marshfield, WI), 1.6mg of BP powder (≥ 98%) was applied to 100g of Edam whey for
bleaching. Table 4.6 shows the various amounts of BP and NEs that were used in whey
bleaching.
Table 4.6

Amounts of BP used for bleaching 100g of Edam whey, following dilution
of one, two, four, eight and sixteen folds by reducing the volume of NE
applied to bleach a given volume of whey.

Treatment
BP powder only
NE without BP
NE with BP (one fold)
NE with BP (two folds)
NE with BP (four folds)
NE with BP (eight folds)
NE with BP (sixteen folds)

BP (mg)
1.6
—
1.6
0.8
0.4
0.2
0.1
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NE (ml)
—
4.00
4.00
2.00
1.00
0.50
0.25

4.5

Composition and pH of Edam whey
Composition of Edam whey was analyzed by proximal analysis in the Nutritional

lab, Mississippi State University (Mississippi State, MS). Since the sample was a liquid,
only its dry matter, ash and crude protein contents of the Edam whey could be determined
(Table 4.7). The pH of Edam whey was found to be around 6.4.
Table 4.7

The components of fresh Edam whey
Sample
ID

Dry %
Protein %
Moisture Ash %
As Rec’d
DM basis
%
basis
Edam Whey
6.95
93.06
0.54
0.90
12.98
Abbreviations are as follows: Rec’d: received; DM: dry matter

4.6

Matter

Color change of Edam whey with each fatty Acid
NE containing C4 and BP with a two-fold dilution exhibited the best bleaching

efficacy following four hours of treatment (Fig. 4. 28). Bleaching efficacy was found to
augment with increasing periods of treatment. No significant difference in bleaching
efficacy was noted in NE containing BP with one and two-folds dilutions for bleaching
periods of one and two hours, respectively. It was also observed for the samples treated
with only BP (Figs. 4.28-30) with best augmentation of bleaching efficacy after four
hours of treatment.
The best bleaching efficacy for the NE systems containing C6 was observed when
BP was diluted one-fold and samples subjected to bleaching for four hours (Fig. 4.29).
For NEs containing C4, BP subjected to four, eight and sixteen times dilutions did not
have significant differences for each bleaching period (Fig. 4.28). Bleaching appeared to
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have been affected adversely for NE containing BP with two-fold dilution following
treatments for two and four hours (Fig. 4.29). The same effect was observed for the
samples treated for one hour with NEs containing C8, when BP was diluted for eight and
sixteen-folds (Fig. 4.30). Thus, the NE system that depicted the best whey bleaching
efficacy was the ones containing C4, followed by the systems with C6 as dispersed phases.
NEs with C8 did not prove to be efficient bleaching agents, as they resulted in a further
intensification of color of the treated samples compared to the ones treated with NEs
containing only BP.
The efficacy BP as an efficient agent for whey bleaching and its ability to be
processed in hot or cold temperatures has been reported before (Adams et al., 2013;
Smith, Gerard, & Drake, 2015). The current study exhibited that the extent of whey
bleaching can be significantly influenced by dvs and φi of NE system. A dramatic
reduction in the amount of BP usage, while further augmentation of its bleaching efficacy
could be obtained by dissolving it in dispersed phases of NE systems, compared to its use
on its own. An increase in oil phase surface was followed by reduction in BP usage with
enhancement of its bleaching efficacy.
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Table 4.8

Effect of NE systems containing C4 as the dispersed phase and BP
subjected to dilution for one, two, four, eight and sixteen-folds,
respectively, on colorimetric b* value, indicating yellowness of Edam
whey samples, that were treated for one, two and four hours, respectively,
at 50°C.

Non-identical letters indicate significance at p=0.05
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Table 4.9

Effect of NE systems containing C6 as the dispersed phase and BP
subjected to dilution for one, two, four, eight and sixteen-folds,
respectively, on colorimetric b* value, indicating yellowness of Edam
whey samples, that were treated for one, two and four hours, respectively,
at 50°C.

Non-identical letters indicate significance at p=0.05
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Table 4.10

Effect of NE systems containing C8 as the dispersed phase and BP
subjected to dilution for one, two, four, eight and sixteen-folds,
respectively, on colorimetric b* value, indicating yellowness of Edam
whey samples, that were treated for one, two and four hours, respectively,
at 50°C.

Non-identical letters indicate significance at p=0.05
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CHAPTER V
CONCLUSIONS
The current study exhibited the dramatic enhancement of the efficacy of BP to
bleach Edam whey with half concentration of BP used by the industry by encapsulated
within the hydrophobic dispersed phase (φ) of nanoemulsions (NEs) which minimized
BP degradation and extend its efficacy to minimized usage levels. Tween 20 was used as
co-emulsifier (CE) which could potentially decrease the amount of BSA, the emulsifier
(E), on dispersed phase surface for a reduction of droplet sizes. Unfortunately, due to its
considerably smaller molecular weight than E, it can render NEs unstable. The most
stable NE system for each fatty acid was using E (without CE) concentration of 0.04%
(w/v) for both C4 and C6 or 0.6% (w/v) for C8 when using constant parameters: φ fraction
was 0.004, BP concentration was 0.04% (w/v) and UHPH at 210 MPa. Results proved
that BP entrapped within NE systems can enhance the efficacy to bleach Edam whey,
with respect to BP on its own. The C4 system and BP subjected to half the typical
concentration showed the best result that annatto color reduction was achieved by 90%
compared with original color after treated four hours. The next best efficacy in bleaching
was depicted by NE containing C6 with 0.0016g (one fold) of BP, annatto color reduction
up to 84% was obtained when the samples were treated for four hours. However, BP
powder on its own exhibited better bleaching efficacy compared to the NE containing C8
which were used to bleach the samples for four hours.
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This study provided valuable clues for the development agents with remarkably
enhanced whey bleaching efficacy, especially accompanied by a half concentration in the
amount of BP usage. It can also lead to the development of nano-vesicular systems for
efficient delivery of hydrophobic drugs/nutraceuticals in the future.

67

REFERENCES
Adams, M. C., Zulewska, J., & Barbano, D. M. (2013). Effect of annatto addition and
bleaching treatments on ultrafiltration flux during production of 80% whey
protein concentrate and 80% serum protein concentrate. Journal of Dairy Science,
96(4), 2035-2047.
Adjonu, R., Doran, G., Torley, P., & Agboola, S. (2014). Whey protein peptides as
components of nanoemulsions: A review of emulsifying and biological
functionalities. Journal of Food Engineering, 122, 15-27.
Agubata, C. O., Nzekwe, I. T., Obitte, N. C., Ugwu, C. E., A, A., Attama, A. A., &
Onunkwo, G. C. (2014). Effect of Oil, Surfactant and Co-Surfactant
Concentrations on the Phase Behavior, Physicochemical Properties and Drug
Release from Self-Emulsifying Drug Delivery Systems. Journal of Drug
Discovery, Development and Delivery, 1(1), 1-7.
Asua, J. M. (2002). Miniemulsion polymerization. Progress in Polymer Science, 27(7),
1283-1346.
Božanić, R., Barukčić, I., & Lisak, K. (2014). Possibilities of Whey Utilisation. Austin
Journal of Nutrition and Food Sciences, 2(7).
Campbell Mertz, R. E. (2013). Enzymatic Bleaching of Whey: North Carolina State
University.
Campbell, R., & Drake, M. (2013a). Cold enzymatic bleaching of fluid whey. Journal of
Dairy Science, 96(12), 7404-7413.
Campbell, R., & Drake, M. (2013b). Invited review: The effect of native and nonnative
enzymes on the flavor of dried dairy ingredients. Journal of Dairy Science, 96(8),
4773-4783.
Campbell, R., & Drake, M. (2014). Enzymatic bleaching in commercial colored Cheddar
whey retentates. International Dairy Journal, 38(2), 148-153.
Campbell, R., Kang, E., Bastian, E., & Drake, M. (2012). The use of lactoperoxidase for
the bleaching of fluid whey. Journal of Dairy Science, 95(6), 2882-2890.

68

Champan, H. R., Thompson, S., & Slade, H. M. (1980). The use of carotenoid
preparations for colouring Cheddar cheese. International Journal of Dairy
Technology, 33(4), 162-164.
Croissant, A., Kang, E., Campbell, R., Bastian, E., & Drake, M. (2009). The effect of
bleaching agent on the flavor of liquid whey and whey protein concentrate.
Journal of Dairy Science, 92(12), 5917-5927.
FAO. (2004). Benzoyl Peroxide: Chemical and Technical Assessment (CTA) Food and
Agriculture Organization of the United Nations. Topical Acne Drug Products for
Over-the-Counter Human Use — Revision of Labeling and lassification of
Benzoyl Peroxide as Safe and Effective. Small Entity Compliance Guide, 21 CFR
Federal Register on March 4, 2010 (75 FR 9767) C.F.R. (2010).
FDA, U. S. (2015). Topical Acne Products Can Cause Dangerous Side Effects.
Washington, DC: U.S. Food and Drug Administration Retrieved from
http://www.fda.gov/ForConsumers/ConsumerUpdates/ucm402441.htm.
Floury, J., Desrumaux, A., & Lardieres, J. (2000). Effect of high-pressure
homogenization on droplet size distributions and rheological properties of model
oil-in-water emulsions. Innovative Food Science & Emerging Technologies, 1(2),
127-134.
Fox, A., Smith, T., Gerard, P., & Drake, M. (2013). The Influence of Bleaching Agent
and Temperature on Bleaching Efficacy and Volatile Components of Fluid Whey
and Whey Retentate. Journal of Food Science, 78(10), C1535-C1542.
Hallagan, J., Allen, D., & Borzelleca, J. (1995). The safety and regulatory status of food,
drug and cosmetics colour additives exempt from certification. Food and
Chemical Toxicology, 33(6), 515-528.
Haque, Z., & Kinsella, J. (1988). Emulsifying properties of food proteins: Bovine serum
albumin. Journal of Food Science, 53(2), 416-420.
Haque, Z., & Zhang, X. (2015). Generation and stabilization of whey based
monodispered nanoemulsions using ultra-high pressure homogenization and small
amphipathic co-emulsifier combinations. Mississippi Academy of Sciences
Conference.
Hasenhuettl, G. L., & Hartel, R. W. (2008). Food Emulsifiers and Their Applications
(Vol. 19): Springer.
Henning, D., Baer, R., Hassan, A., & Dave, R. (2006). Major advances in concentrated
and dry milk products, cheese, and milk fat-based spreads. Journal of Dairy
Science, 89(4), 1179-1188.
69

Jelen, P. (2003). Whey processing: utilization and products. Encyclopedia of Dairy
Sciences. Academic Press, London, UK. pp, 27392745.
Jervis, M., Smith, T., & Drake, M. (2015). Short communication: The influence of solids
concentration and bleaching agent on bleaching efficacy and flavor of sweet whey
powder. Journal of Dairy Science, 98(4), 2294-2302.
Jervis, S., Campbell, R., Wojciechowski, K., Foegeding, E., Drake, M., & Barbano, D.
(2012). Effect of bleaching whey on sensory and functional properties of 80%
whey protein concentrate. Journal of Dairy Science, 95(6), 2848-2862.
Jervis, S. M., & Drake, M. (2013). The impact of iron on the bleaching efficacy of
hydrogen peroxide in liquid whey systems. Journal of Food Science, 78(2), R129R137.
Kang, E., Campbell, R., Bastian, E., & Drake, M. (2010). Invited review: Annatto usage
and bleaching in dairy foods. Journal of Dairy Science, 93(9), 3891-3901.
Kang, E., Smith, T., & Drake, M. (2012). Alternative bleaching methods for Cheddar
cheese whey. Journal of Food Science, 77(7), C818-C823.
Kosikowski, F., & Mistry, V. V. (1966). Cheese and fermented milk foods: Edwards
Bros., Ann Arbor, Mich.
Kosikowski, F. V. (1979). Whey utilization and whey products. Journal of Dairy Science,
62(7), 1149-1160.
Kraus, A. L., Munro, I. C., Orr, J. C., Binder, R. L., Leboeuf, R. A., & Williams, G. M.
(1995). Benzoyl Peroxide: An Integrated Human Safety Assessment for
Carcinogenicity. Regulatory Toxicology and Pharmacology, 21(1), 87-107.
Kussendrager, K. D., & Van Hooijdonk, A. (2000). Lactoperoxidase: physico-chemical
properties, occurrence, mechanism of action and applications. British Journal of
Nutrition, 84(S1), 19-25.
Kwon, S. S., Kong, B. J., Cho, W. G., & Park, S. N. (2015). Formation of stable
hydrocarbon oil-in-water nanoemulsions by phase inversion composition method
at elevated temperature. Korean Journal of Chemical Engineering, 32(3), 540546.
Lee, L., & Norton, I. T. (2013). Comparing droplet breakup for a high-pressure valve
homogeniser and a microfluidizer for the potential production of food-grade
nanoemulsions. Journal of Food Engineering, 114(2), 158-163.
Leong, T., Wooster, T., Kentish, S., & Ashokkumar, M. (2009). Minimising oil droplet
size using ultrasonic emulsification. Ultrasonics Sonochemistry, 16(6), 721-727.
70

Listiyani, M., Campbell, R., Miracle, R., Barbano, D., Gerard, P., & Drake, M. (2012).
Effect of temperature and bleaching agent on bleaching of liquid Cheddar whey.
Journal of Dairy Science, 95(1), 36-49.
Listiyani, M., Campbell, R., Miracle, R., Dean, L., & Drake, M. (2011). Influence of
bleaching on flavor of 34% whey protein concentrate and residual benzoic acid
concentration in dried whey proteins. Journal of Dairy Science, 94(9), 4347-4359.
Loureiro, A., Abreu, A. S., Sárria, M. P., Figueiredo, M. C., Saraiva, L. M., Bernardes, G.
J.Cavaco-Paulo, A. (2015). Functionalized protein nanoemulsions by
incorporation of chemically modified BSA. RSC Advances, 5(7), 4976-4983.
Lovelyn, C., & Attama, A. A. (2011). Current state of nanoemulsions in drug delivery.
Journal of Biomaterials and Nanobiotechnology, 2(05), 626.
Magenis, R. B., Prudêncio, E. S., Amboni, R. D., Cerqueira Júnior, N. G., Oliveira, R. V.,
Soldi, V., & Benedet, H. D. (2006). Compositional and physical properties of
yogurts manufactured from milk and whey cheese concentrated by ultrafiltration.
International Journal of Food Science & Technology, 41(5), 560-568.
Mahbubul, I., Saidur, R., Amalina, M., Elcioglu, E., & Okutucu-Ozyurt, T. (2015).
Effective ultrasonication process for better colloidal dispersion of nanofluid.
Ultrasonics Sonochemistry, 26, 361-369.
Mason, T. G., Wilking, J., Meleson, K., Chang, C., & Graves, S. (2006). Nanoemulsions:
formation, structure, and physical properties. Journal of Physics: Condensed
Matter, 18(41), R635.
Mavropoulou, I., & Kosikowski, F. (1973). Composition, solubility, and stability of whey
powders. Journal of Dairy Science, 56(9), 1128-1134.
McDonough, F., Hargrove, R., & Tittsler, R. (1968). Decolorization of annatto in
Cheddar cheese whey. Journal of Dairy Science, 51(3), 471-472.
Mishra, R. K., Soni, G., & Mishra, R. (2014). A Review Article: On Nanoemulsion.
World Journal of Pharmacy and Pharmaceutical Sciences,, 3(9), 258-274.
Park, C. W., Bastian, E., Farkas, B., & Drake, M. (2014). The effect of acidification of
liquid whey protein concentrate on the flavor of spray-dried powder. Journal of
Dairy Science, 97(7), 4043-4051.
Patino, J. M. R. g., Niño, M. R. R. g., & Sánchez, C. C. (2003). Protein–emulsifier
interactions at the air–water interface. Current Opinion in Colloid & Interface
Science, 8(4), 387-395.

71

Pearce, K. N., & Kinsella, J. E. (1978). Emulsifying properties of proteins: evaluation of
a turbidimetric technique. Journal of Agricultural and Food Chemistry, 26(3),
716-723.
Persson, K. H., Blute, I. A., Mira, I. C., & Gustafsson, J. (2014). Creation of well-defined
particle stabilized oil-in-water nanoemulsions. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 459, 48-57.
Pintado, M., Macedo, A., & Malcata, F. (2001). Review: technology, chemistry and
microbiology of whey cheeses. Food Science and Technology International, 7(2),
105-116.
Pouillart, P. R. (1998). Role of butyric acid and its derivatives in the treatment of
colorectal cancer and hemoglobinopathies. Life Sciences, 63(20), 1739-1760.
Preston, H., & Rickard, M. (1980). Extraction and chemistry of annatto. Food Chemistry,
5(1), 47-56.
Qian, C., & McClements, D. J. (2011). Formation of nanoemulsions stabilized by model
food-grade emulsifiers using high-pressure homogenization: factors affecting
particle size. Food Hydrocolloids, 25(5), 1000-1008.
Sadtler, V., Marie-Bégué, E., & Galindo-Alvarez, J. M. (2012). Low Energy
Emulsification Methods for Nanoparticles Synthesis: Intech Open Access
Publisher.
Scotter, M. (2009). The chemistry and analysis of annatto food colouring: A review.
Food Additives. Contaminants., Part A, 26(8), 1123-1145.
Seifu, E., Buys, E. M., & Donkin, E. (2005). Significance of the lactoperoxidase system
in the dairy industry and its potential applications: a review. Trends in Food
Science & Technology, 16(4), 137-154.
Sek, L., Porter, C. J., Kaukonen, A. M., & Charman, W. N. (2002). Evaluation of the
in‐vitro digestion profiles of long and medium chain glycerides and the phase
behaviour of their lipolytic products. Journal of Pharmacy and Pharmacology,
54(1), 29-41.
Smith, T., Gerard, P., & Drake, M. (2015). Effect of temperature and concentration on
benzoyl peroxide bleaching efficacy and benzoic acid levels in whey protein
concentrate. Journal of Dairy Science, 98(11), 7614-7627.
Smith, T., Li, X., & Drake, M. (2014). Short communication: Norbixin and bixin
partitioning in Cheddar cheese and whey. Journal of Dairy Science, 97(6), 33213327.
72

Smithers, G. W. (2008). Whey and whey proteins—from ‘gutter-to-gold’. International
Dairy Journal, 18(7), 695-704.
Spector, A. A., John, K., & Fletcher, J. E. (1969). Binding of long-chain fatty acids to
bovine serum albumin. Journal of Lipid Research, 10(1), 56-67.
Spreer, E. (1998). Milk and dairy product technology (Vol. 83): CRC Press.
Tabibiazar, M., Davaran, S., Hashemi, M., Homayonirad, A., Rasoulzadeh, F.,
Hamishehkar, H., & Mohammadifar, M. A. (2015). Design and fabrication of a
food-grade albumin-stabilized nanoemulsion. Food Hydrocolloids, 44, 220-228.
Tadros, T., Izquierdo, P., Esquena, J., & Solans, C. (2004). Formation and stability of
nano-emulsions. Advances in Colloid and Interface Science, 108, 303-318.
Taham, T., Cabral, F. A., & Barrozo, M. A. (2015). Extraction of bixin from annatto
seeds using combined technologies. The Journal of Supercritical Fluids, 100,
175-183.
Thakur, N., Garg, G., Sharma, P., & Kumar, N. (2012). Nanoemulsions: A Review on
Various Pharmaceutical Application. Global J. Pharmacol, 6(3), 222-225.
Tomaino, R., Turner, L., & Larick, D. (2004). The effect of Lactococcus lactis starter
cultures on the oxidative stability of liquid whey. Journal of Dairy Science, 87(2),
300-307.
Wallin, M. H. (2006). Annatto Extracts. Chemical and Technical Assessment, 21.
Whetstine, M. C., Parker, J., Drake, M., & Larick, D. (2003). Determining flavor and
flavor variability in commercially produced liquid Cheddar whey. Journal of
Dairy Science, 86(2), 439-448.
Wooster, T. J., Golding, M., & Sanguansri, P. (2008). Impact of oil type on nanoemulsion
formation and Ostwald ripening stability. Langmuir, 24(22), 12758-12765.
Wulff-Pérez, M., Torcello-Gómez, A., Gálvez-Ruíz, M., & Martín-Rodríguez, A. (2009).
Stability of emulsions for parenteral feeding: Preparation and characterization of
o/w nanoemulsions with natural oils and Pluronic f68 as surfactant. Food
Hydrocolloids, 23(4), 1096-1102.
Xin, X., Zhang, H., Xu, G., Tan, Y., Zhang, J., & Lv, X. (2013). Influence of CTAB and
SDS on the properties of oil-in-water nano-emulsion with paraffin and span
20/Tween 20. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 418, 60-67.

73

Zhu, D., & Damodaran, S. (2012). Short communication: Annatto in Cheddar cheesederived whey protein concentrate is primarily associated with milk fat globule
membrane. Journal of Dairy Science, 95(2), 614-617.

74

